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Aim: Plant functional traits allow us to mechanistically link changes in species compo-
sition to changes in ecosystem functions. Understanding how and why changes occur 
in functional composition of plant communities can thus help us better conserve and 
restore biodiversity. We aim to examine long- term effects of fire exclusion and climate 
change on the functional composition of fire- maintained pine barrens in central 
Wisconsin.
Location: Central Wisconsin, USA.
Methods: Using a database that included vegetation data of surveys (1958) and resur-
veys (2012) of 30 sites, we quantified functional composition (α and β functional diver-
sity, community- weighted means) of each site at both time periods. We then applied 
linear regression and linear mixed models to study effects of fire exclusion and climate 
change on changes in functional composition.
Results: We observed shifts towards larger specific leaf area, greater seed mass and 
other traits related to shade tolerance. These communities thus appear to be undergo-
ing ecological succession, favouring plant adaptions to better harvest light and carbon 
in darker, warmer and wetter habitats. Functional alpha diversity increased, while 
functional beta diversity decreased even after controlling for changes in taxonomic 
diversity. Fire exclusion and climate change both contributed to these increases in 
local functional diversity but neither is related to the functional homogenization ob-
served. Fire exclusion and climate change also interacted negatively to affect local 
functional diversity, suggesting that future climate change and succession may soon 
reduce alpha functional diversity.
Main conclusions: Our study provides a rare record of long- term functional dynamics 
and demonstrates that fire exclusion and climate change can interact to affect the 
functional composition of plant communities. Thus, we should consider changes in 
local ecological conditions as we seek to predict how climate change will affect the 
functional composition of plant communities.
K E Y W O R D S
beta diversity, climate change, fire suppression, functional diversity, functional traits, Hill 
numbers, long-term community assembly
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1  | INTRODUCTION
Global biodiversity is changing at an unprecedented rate in response 
to ongoing anthropogenic changes in land use, climates and other 
environmental conditions (Sala et al., 2000). While climate change 
is known to drive biodiversity changes (Sala et al., 2000), altered 
fire regimes can also drive dramatic changes in biodiversity (Bond 
& Keeley, 2005; Bond, Woodward & Midgley, 2005). Given that fire 
and climatic regimes will change further in coming years (IPCC 2007), 
we should strive to understand how and why these drivers interact 
to alter plant communities. Long- term studies of plant communities 
help us reach this goal by uncovering changes occurring over several 
decades that otherwise remain hidden (Magnuson, 1990).
To date, most long- term community studies have focused on tem-
poral changes in taxonomic diversity (TD) and composition (e.g. Keith, 
Newton, Morecroft, Bealey & Bullock, 2009; Rogers, Rooney, Olson & 
Waller, 2008). However, species names alone convey little information 
regarding ecological and evolutionary attributes (Swenson, 2011). As 
a result, traditional species- focused methods may not suffice to reveal 
processes governing the structure and dynamics of plant communi-
ties that act on the ecological strategies of organisms (Grime, 1979; 
McGill, Enquist, Weiher & Westoby, 2006). Conversely, functional trait 
composition has the potential to reveal responses of communities to 
disturbances and how these affect ecosystem functions (Cadotte, 
Carscadden & Mirotchnick, 2011). Quantifying changes in functional 
composition could then improve our understanding of how communi-
ties change in response to disturbance (Lamarque, Lavorel, Mouchet 
& Quétier, 2014; Mouillot, Graham, Villéger, Mason & Bellwood, 
2013). This, in turn, would inform and improve our ability to conserve 
and restore ecosystems and especially those subject to major shifts 
in disturbance regimes (Cadotte et al., 2011; Lamarque et al., 2014; 
Mouchet, Villéger, Mason & Mouillot, 2010).
Methods seeking to analyse ecological relationships based on 
functional traits are gaining increased attention (McGill et al., 2006; 
Mouillot et al., 2013). However, few studies have attempted to analyse 
long- term changes in whole- community functional diversity (αFD) in 
relation to shifts in disturbance regimes (e.g., fire – Cavender- Bares 
& Reich, 2012; Paula Loiola, Cianciaruso, Silva & Batalha, 2010 or cli-
mate – Carmona et al., 2012; Gallagher, Hughes & Leishman, 2013; 
Thuiller, Lavorel, Sykes & Araújo, 2006). Even fewer studies have 
assessed changes in functional diversity among communities (βFD) and 
how these have been affected by shifts in environmental conditions 
(Carmona et al., 2012). The few studies that have quantified tempo-
ral changes in functional composition have focused on the separate 
impacts of altered fire regime or climate change, rather than both 
together. In addition, these studies have mostly investigated commu-
nities at just one time using space for time substitutions (a chronose-
quence) to infer likely patterns of change (Letten, Keith & Tozer, 2014). 
Methods based on chronosequences instead of long- term change data, 
however, can produce biased results (Johnson & Miyanishi, 2008).
Here, we focus on how local and regional patterns of forest 
plant functional diversity respond to shifts in two prominent forces 
affecting ecological dynamics in forest communities in central 
Wisconsin, namely fire and climate. Shifts in either fire regime or cli-
mate can act to alter environmental conditions in ways that shift trait 
profiles. For example, fire exclusion can increase canopy cover, reduc-
ing understorey light levels, while warmer temperature and higher 
precipitation in our region can increase plant growth rates and alter 
microclimatic conditions. Increasing canopy cover tends to promote 
shade- tolerant species, intensifying competition among plant species 
for light and driving differentiation in the light capture strategies of 
co- occurring species (Bazzaz, 1979). This could temporarily boost 
αFD. Stronger competition, in turn, may promote functional similarity 
among species (Mayfield & Levine, 2010) and reduce αFD eventually. 
Warmer temperatures and wetter growing seasons could also favour 
functionally distinct species better adapted to these conditions, fur-
ther increasing αFD (Spasojevic, Grace, Harrison & Damschen, 2014). 
Regionally, a mosaic of burned and unburned habitats could support 
both early and late successional species, increasing βFD relative to 
more homogeneous environments (Schoener, 1974) caused by fire 
exclusion. Ecotones, like the ‘tension zone’ in Wisconsin, spanning 
strong climatic gradients also tend to support higher βFD. As climate 
change shifts tension zones polewards (Kucharik, Serbin, Vavrus, 
Hopkins & Motew, 2010), regionally differentiated communities could 
homogenize, reducing βFD. Finally, the effects of fire on community 
functional composition can differ among climatic regions (Moretti, De 
Bello, Roberts & Potts, 2009) and along altitudinal gradients (Moretti 
et al., 2010). Thus, it seems plausible that altered fire and climate 
regimes could interact to affect local and regional community func-
tional composition and diversity.
To understand the long- term effects of climate change, altered fire 
regime and their interaction on the functional composition of plant 
communities, we analysed long- term changes in pine barrens vegeta-
tion (1958–2012) in central Wisconsin, USA. Pine barrens represent a 
distinct fire- maintained community home to many endangered species 
(Wisconsin Department of Natural Resources 2015). These communi-
ties have experienced both fire exclusion and changes in climate (pri-
marily increases in temperature and precipitation) over the last 60+ 
years. This provides a special opportunity to study long- term effects 
of fire exclusion and climate change on functional composition. To 
our knowledge, none of these sites has burned since the 1950s (Li 
& Waller, 2015). In the 1950s, these communities had quite differ-
ent canopy cover (Fig. S1 panel A), forming a mosaic of burned and 
unburned habitats. In response to fire exclusion, canopy cover in all 
of these communities has increased dramatically. Canopy cover is a 
commonly accepted measure of fire severity and time since last fire 
(Vaillant, 2009). As we do not have detailed information on fire his-
tory for these sites, we use canopy cover as a proxy. Following Mason, 
Lanoiselée, Mouillot, Irz and Argillier (2007) and Lavorel et al. (2008), 
we divide community functional composition into two complemen-
tary aspects: functional identity (computed from community- weighted 
mean, CWM, values) and functional diversity (FD). For each site, we 
calculated the CWM for each functional trait and FD based on infor-
mation from all functional traits using methods proposed by Chiu and 
Chao (2014). We then sought to answer these questions:
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1. How has the functional identity of these communities changed 
between 1958 and 2012? We expect to find taller and more 
shade-tolerant species with higher light and carbon harvesting 
capacity, for example higher specific leaf area (SLA) in 2012, 
given the increasing canopy cover, temperature and precipitation 
of these communities.
2. Has local functional diversity (αFD) of these communities declined 
over time? We hypothesize that αFD has increased as fire exclusion 
and climate change alter conditions, adding functional forms.
3. Has among-site functional diversity (βFD) of these communities de-
clined over time? We hypothesize that βFD has decreased (reflect-
ing functional homogenization) in response to excluding fire and 
more homogenous climatic conditions, paralleling the taxonomic 
homogenization observed at these sites (Li & Waller, 2015).
2  | METHODS
2.1 | Study sites and vegetation data
We resampled 30 sites (Fig. S2) in the central sand plains (CSP) of 
Wisconsin in 2012 first sampled by James Habeck in 1958. Most of 
these sites occur within Wisconsin’s ‘Tension zone’ which reflects the 
position of climatic isolines where many species’ range boundaries 
meet (Curtis, 1959). Before the 1950s, jack pine (Pinus banksiana) and 
northern pin oak (Quercus ellipsoidalis) dominated most of these sites 
(Habeck, 1959) and fire kept the canopy open. However, these com-
munities did not burn at the same time in the 1950s judging from 
their canopy cover then. Rather, they formed a mosaic of burned and 
unburned habitats. Since then, fires have been largely suppressed in 
the region allowing these communities to succeed into closed- canopy 
forests. Thus, the relative importance of fire has declined, while light 
competition and dispersal limitation have increased over the last 
50 years (Li & Waller, 2016).
In 1958, Habeck sampled 20 1- m2 quadrats at each site. Within 
each quadrat, he recorded the presence/absence of all understorey 
plants including tree seedlings. In 2012, we sampled 50 such quadrats 
at each of the same sites. Although the initial sites were not perma-
nently marked, we relocated each site (within 200 m of the original 
location) with township- range- section information and hand- drawn 
maps provided by Habeck. To match sampling efforts, we subsampled 
20 of these 50 quadrats from the 2012 survey, sampling about every 
third quadrat. We then estimated plant abundance as the frequency 
of quadrats each species occurred in. Here, we focus on understo-
rey plant species (herbs, shrubs and tree seedlings) as these represent 
most of the diversity in temperate forests (Gilliam, 2014).
2.2 | Environmental data
In both 1958 and 2012, we measured canopy cover at each site. We 
then use it as a proxy for fire history (Vaillant, 2009) for both time peri-
ods. We thus treat canopy cover as an environmental variable while 
acknowledging that it measures community overstorey structure.
We extracted annual mean temperature and precipitation from a 
daily climatic dataset covering 1950 to 2006 of Wisconsin (Kucharik 
et al., 2010). These data were generated using spatial interpolation 
among an extensive network of weather station throughout the 
state. We also extracted the following six climatic variables for each 
site in both time periods from Bioclim (http://www.worldclim.org/
bioclim) using the dismo package in R (Hijmans, Phillips, Leathwick 
& Elith, 2015): maximum temperature of warmest month, minimum 
temperature of coldest month, temperature seasonality, precipitation 
seasonality, precipitation of wettest month and precipitation of driest 
month. Five- year average values of these climatic variables for each 
time period (1950–1954 and 2002–2006) were used to account for 
interannual climatic variation and potential lags in species’ responses 
to climate (De Frenne et al., 2013).
Stand characteristics and climatic conditions have both changed 
since 1958. Average canopy cover, average annual precipitation, 
average annual temperature and average temperature of the coldest 
month in these communities have all increased (Fig. S1, paired t- tests, 
all p << .001). We used principal components analysis (PCA) to extract 
a major axis of variation and reduce dimensionality. Most climatic vari-
ables were collinear, allowing this first component to explain >82% of 
the total variation in eight variables (Text S1). Scores along this primary 
axis represent climate in our analyses (referred as climate). The first 
axis has almost even loading from these variables (Text S1).
We logit- transformed canopy cover values (Warton & Hui, 2011) 
and then Z- transformed canopy cover (referred as canopy) and climate 
to both have a mean of zero and standard deviation of one. We then 
calculated site pairwise Euclidean distances in canopy cover (canopy_
dist) and climate (climate_dist). Pairwise Euclidean distances among 
sites in canopy cover have decreased by 72% on average (permutation 
tests with n = 1000, p << .001, Fig. S1). Corresponding climate dis-
tances have declined 7% (permutation tests with n = 1000, p = .057, 
Fig. S1). Sites are thus becoming more similar in both canopy cover 
and, to a lesser degree, climatic conditions.
To study possible drivers of changes in α and βFD, we used changes 
in canopy cover and climate (or changes in their pairwise distances) as 
predictor variables but still refer to these as canopy cover and climate. 
Canopy cover and climate (and their pairwise distances) at these sites 
were uncorrelated in both time periods (all Spearman’s r < .2).
2.3 | Functional traits
We measured nine functional traits (Table 1, Fig. S3) for the 141 most 
abundant species (of 188 observed) using standard protocols (Pérez- 
Harguindeguy et al., 2013). These traits were chosen to span the leaf–
height–seed (LHS) set of plant ecological strategies (Westoby, 1998) 
and are known to affect species establishment, survival and reproduc-
tion. For each species, we used mean values from samples of at least 
12 individuals (four individuals × three populations). These 141 spe-
cies account for ≥90% of the total plant occurrences across all sites 
(Table S1), well above the threshold (80%) proposed for trait studies 
(Pakeman & Quested, 2007). Part of these functional trait data had 
been used in Li and Waller (2015) to compare traits of winners and 
     |  499LI  and WaLLER
losers. Here, however, we focus on the changes in functional compo-
sition of these communities. Thus, they have very different research 
questions and goals.
We implicitly assume that no changes in species’ mean trait values 
have occurred since the 1950s as no trait data are available from that 
period. In addition, insufficient time has elapsed for genetic selection 
to have appreciably altered trait values in populations of longer lived 
perennials like most of these species. Analyses reveal that trait values 
vary much less within species than among species and between peri-
ods (Waller et al., in prep). We log10- transformed highly skewed traits 
and then Z- transformed all numerical variables to have a mean of zero 
and standard deviation of one to make them comparable. After trans-
formation, we converted the species by traits matrix into a functional 
distance matrix using Gower distance (Gower, 1971), allowing us to 
mix the categorical and numeric variables.
2.4 | Quantifying functional composition
We computed two complementary components of community func-
tional composition (Lavorel et al., 2008; Mason et al., 2007): func-
tional identity (expressed as the community- weighted mean, CWM) 
and functional diversity (FD). The CWM of a trait value is the mean 
value of that trait in the community as estimated from species means 
weighted by their relative abundance (frequency at that site) (Mouillot 
et al., 2013). For categorical traits, we used the abundance- weighted 
proportion of each category at each site. We used the FD index pro-
posed by Chiu and Chao (2014) for several reasons. First, this FD 
index is based on the framework of Hill numbers (Chao, Chiu & Jost, 
2014) which are defined in common units (the effective number of 
species) making values comparable among studies of species diver-
sity and diversity partitioning among sites (Chao et al., 2014; Ellison, 
2010; Jost, 2007). Second, beta diversity values partitioned via Hill 
numbers are independent from alpha diversity and can thus be used 
to compare levels of site similarity in a unified framework (Chao et al., 
2014; Jost, 2007). Finally, Chiu and Chao (2014) showed that beta 
functional diversity based on Hill numbers outperforms other com-
mon metrics.
The FD index proposed by Chiu and Chao (2014) is based on the 
Rao index of diversity (Rao, 1982). This reflects a mix between func-
tional richness and functional divergence (Mouchet et al., 2010):
where dij is the functional distance between species i and j, pi and pj are 
the relative abundance of species i and j within the site, respectively, 
and S is the total number of species of the site. The FD for each site 
(i.e. αFD) then can be calculated as
The parameter q can be any positive number and controls the 
weighting of species abundance. When q = 1, equation (2) is unde-
fined, but its limit as q tends to 1 is:
This represents the same Hill number (q) as gives rise to the 
Shannon species diversity index (Chao et al., 2014; Jost, 2007). We 
used q = 1 to account for differences in local species abundance (fre-
quency). Comparing FD measures based on different Hill numbers that 













































TABLE  1 List of functional traits used in this study
Trait (Abb.) Description Related function Life cycle phase
Pollination mode (Biotic.Polli) Biotic or abiotic Regeneration strategy Regeneration
Seed mass Air- dried mass of a seed (mg) Dispersal and regeneration strategy, 
seedling competition
Regeneration
Plant height (Height) Distance between the upper boundary of 
the main photosynthetic tissues and the 
ground level (cm)
Dispersal distance, light capture, 
aboveground competition
Vegetative growth and 
regeneration
Shade tolerance (Shade Tol.) Intolerant; intermediate; tolerant Light capture, relative growth rate, 
photosynthetic rate
Vegetative growth
Growth form (Woody) Woody or non- woody Vegetative growth strategy, relative 
growth rate
Vegetative growth
Specific leaf area (SLA) One- sided area of a fresh leaf divided by 
its oven- dry mass (m2/kg)
Photosynthetic rate, leaf longevity, 
relative growth rate
Vegetative growth
Stem dry matter content 
(SDMC)
Oven- dry mass of stem for non- woody 
plants or terminal twig for woody plants, 
divided by its fresh mass (mg/g)
Relative growth rate, self- support 
strength
Vegetative growth
Leaf carbon concentration 
(LCC)
Total amount of carbon per unit of leaf 
dry mass (%)
Leaf physical resistance, stress tolerance, 
leaf tissue density
Vegetative growth
Leaf nitrogen concentration 
(LNC)
Total amount of nitrogen per unit of leaf 
dry mass (%)
Light capture, photosynthetic rate Vegetative growth
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To measure functional dissimilarity between all pairs of sites, we 
calculated pairwise multiplicative beta functional diversity, that is 
βFD = γFD/αFD (equations 6 and 7 in Chiu & Chao, 2014). We then 
normalized these pairwise βFD values to range between 0 and 1 using 
the regional distance- overlap measure proposed by Chiu and Chao 
(2014) (eqn. 10a therein).
2.5 | Null models
Functional and taxonomic attributes are usually correlated within a 
community (Cadotte et al., 2011). For example, we expect more FD 
when we encounter more taxa simply due to sampling effects. To 
factor out the effects of taxonomic attributes, we constructed null 
models that shuffled species identities within the species by traits 
matrix while keeping the species by sites vegetation matrix intact, 
thus maintaining the observed attributes of plant communities (i.e. 
species richness, species abundance and species turnover). We cal-
culated null values of αFD1958, αFD2012 and ΔαFD for each site based 
on 1,000 simulations in 1958 and 2012. We also calculated null val-
ues of βFD1958, βFD2012 and ΔβFD for each pair of sites. We then 
used values from these null models to estimate the significance of 
the corresponding observed values using two- tailed tests. For each 
statistic and site, we calculated its standardized effect size (SES) with 
SES = [Xobs−mean(Xnull)]∕sd(Xnull), where Xobs is observed value of 
that statistic, Xnull are values from null models of that statistic. SES 
values measure departures from the functional features expected in 
the null model that retains the observed taxonomic features of com-
munities. The community- weighted means are insensitive to species 
richness and so were omitted in these simulations.
2.6 | Statistical analyses
All statistical analyses related to multivariate αFD and βFD were car-
ried out on the SES values for each statistic (αFD1958, αFD2012, ΔαFD, 
βFD1958, βFD2012 and ΔβFD) using one SES value per statistic per 
site (or pair of sites). We did not combine data from 1958 and 2012 
into one model as climate was collinear with year (Spearman r = .86, 
p < .001), confounding their effects.
To judge the significance of changes in CWM trait values over time, 
we performed permutation tests by permuting trait values between 
1958 and 2012 1000 times for each functional traits. To detect gen-
eral patterns of FD that may be present in all communities, we tested 
whether SES values of each statistic differed from zero using a two- 
tailed Wilcoxon signed- rank test (c.f. Bernard- Verdier et al., 2012). 
Significant result suggests that the observed statistic differed signifi-
cantly from expected value given the observed species composition.
To investigate the effects of canopy cover and climate on αFD and 
CWM, we used ordinary least squares multiple regressions of the form
where i=1,2,⋯ ,30 and ei is the residual vector. The response vari-
able, Yi, represents one of the following values: αFD (SES of αFD1958, 
αFD2012 and ΔαFD) or CWM of one trait. Predictor variables include 
canopy cover, climate (or changes in canopy cover and climate when 
the responses variable is SES of ΔαFD) and their interactions.
To investigate effects of canopy cover and climate on pairwise 
βFD, we used linear mixed models of the form
where i ∈1,2,⋯ ,29 and j ∈2,⋯ ,30, resulting in 435 pairs of sites. 
Here, the response variable, Yij, is one of the statistics about βFD (SES 
of βFD1958, βFD2012, and ΔβFD). Predictor variables include pairwise 
distance of canopy cover, climate and their interactions. To account for 
the dependence of pairwise distances, we added site1 and site2 of site 
pairs (site i and j) as random factors.
For all regressions, we found no evidence for nonlinear effects of 
predictors and thus omitted quadratic terms. We also excluded non- 
significant two- way interactions from the models so as to obtain a 
minimal adequate model that best described the data. We performed 
all statistical analyses using R v3.1.3 (R Core Team 2015). We used 
the FD package (Laliberté, Legendre & Shipley, 2014) to compute 
the functional distance matrix and the lme4 package (Bates, Mächler, 
Bolker & Walker, 2015) to conduct linear mixed models. We used the 
Kenward–Roger approximation to get p- values for linear mixed models 
using package lmerTest (Kuznetsova et al., 2016).
3  | RESULTS
3.1 | Changes in functional identity
Most community- weighted mean trait values (six of nine) changed 
appreciably between 1958 and 2012 (permutation tests with 
n = 1000, all p < .03, Figure 1). In agreement with predictions based 
on successional changes, CWMs of SLA, seed mass, plant height, 
shade tolerance and the proportion of woody species all increased, 
while the proportion of biotic pollinated species declined. There 
were no changes in the CWMs of leaf carbon concentration (LCC), 
leaf nitrogen concentration (LNC) or stem dry matter content 
(SDMC). The range of plant height (but not other traits) increased 
(t = −3, df = 29, p = .006). As canopy cover increased shade, the 
proportion of shade- tolerant species and LCC also increased, hold-
ing climate constant (Table S2). Changes in climate also acted to 
increase plant height (Table S2).
3.2 | Changes in local functional diversity
In line with prediction 2, αFD increased 15% over the 54 year inter-
val, a significant change when controlling for changes in taxonomic 
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than expected given the species diversity present (Table 2, Figure 2). 
Differences in canopy cover and climate conditions among sites 
showed no relation to variation in αFD across sites within each time 
period. However, changes in canopy cover and climate interacted to 
affect changes in αFD over time (t = −2.37, p = 0.025, Table 3). When 
there were no changes in canopy cover, climate change (increas-
ing temperature and precipitation) increased αFD over time. With 
increasing canopy cover (shade), however, climate change acted 
to reduce αFD (Figure 3). Thus, future changes in climate at these 
sites are predicted to reduce αFD as succession continues in these 
communities.
3.3 | Changes in among- site functional diversity
Mean pairwise βFD decreased 35% between 1958 and 2012, a highly 
significant change after controlling for changes in species composition 
(Table 2, Figure 2). Within each time period, pairwise βFD was lower 
than expected given the species diversity present (Table 2, Figure 2). 
SES of βFD in 2012 was lower than that in 1958 (thus the overall 
decreases in βFD). Contrary to changes in αFD, however, changes in 
climate and canopy cover had no apparent effect on the decline in 
βFD (Table 3).
4 | DISCUSSION
Given the widespread changes that are occurring in disturbance 
regimes, it is critical to understand how changes in disturbance 
affect taxonomic and functional diversity in plant communities. This 
study addresses the paucity of research into the long- term effects 
of changing disturbance regimes on the functional composition 
of plant communities. Fire exclusion (ensuing succession towards 
shadier conditions), warmer temperatures and higher precipitation 
have acted to substantially shift functional trait profiles in these 
pine barrens communities. As predicted, αFD increased within these 
communities and βFD decreased among them, even after controlling 
F IGURE  1 Boxplot of community- 
weighted mean (CWM) values of nine 
traits used in this study in 1958 and 2012. 
See Table 1 for abbreviations of traits. To 
facilitate comparisons of CWMs between 
time periods, we used the median CWMs 
of 1958 for each trait as baseline (the 
horizontal dash line). Numerical traits were 
scaled to have mean of zero and standard 
deviation of one. Asterisks above x- axis 
indicate significant changes in CWMs over 
time (permutation tests with n = 1000, all 
p < .03)

































TABLE  2 Changes in alpha (αFD) and pairwise beta functional diversity (βFD). Standardized effect size (SES) values were calculated based on 
null models and were used to infer significances
Year Obs Expect SES p (SES = 0) Interpretation
αFD 1958 71.146 76.897 −0.67 <.001 Observed αFD is significantly lower than 
expected αFD in 1958.
2012 83.412 86.899 −0.36 <.001 Observed αFD is significantly lower than 
expected αFD in 2012.
Δ2012–1958 12.265 10.002 0.24 0.023 Observed αFD increased significantly 
more than expected over time.
βFD 1958 0.476 0.480 −0.20 <.001 Observed βFD is significantly lower than 
expected βFD in 1958.
2012 0.308 0.315 −0.39 <.001 Observed βFD is significantly lower than 
expected βFD in 2012.
Δ2012–1958 −0.169 −0.166 −0.13 <.001 Observed βFD decreased significantly 
more than expected over time.
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for changes in taxonomic diversity. These changes in αFD, but not 
pairwise βFD, appear linked to the changes in climate and canopy 
cover these sites have experienced. It was also interesting that cli-
mate and canopy changes interacted to affect functional diversity 
within sites as climate changes alone increased local functional 
diversity but these gains decline or reverse under shadier commu-
nities. Such interactions may also occur in other regions that are 
experiencing opposite changes (i.e. more and more sever fires, lower 
precipitation).
4.1 | Changes in functional identity
In the 1950s, these fire- maintained pine barrens communities sup-
ported understorey plant species that adapted to sandy soils and open 
conditions by investing in traits that allowed them to tolerate drought, 
fires and high light conditions. Since then, fire exclusion has favoured 
a different set of traits and species as the growth of woody species 
at these sites has increased shade, humidity and closed- canopy con-
ditions (Li & Waller, 2015). Understorey plants in these forests now 
invest more in harvesting light and carbon as the proportion of woody, 
shade- tolerant species has increased. Other studies report similar 
results (Cavender- Bares & Reich, 2012; Peterson & Reich, 2001). 
Species present in 2012 have higher seed mass, on average, than 
those present in 1958. Larger seeded species tend to generate taller 
seedlings that tolerate shade better in the understorey than smaller 
seeded species (Leishman & Westoby, 1994), allowing such species to 
increase in shady habitats (Walters & Reich, 2000). Taller plants also 
compete better to capture light under light- limited understorey condi-
tions (Givnish, 1982). This may explain the pattern of taller plants in 
2012 that we observed. In line with these differences, we also found 
community means to shift towards larger SLA, another trait known 
to enhance light and carbon harvest (Givnish, 1988; Wright, Reich & 
Westoby, 2001).
4.2 | Changes in local functional diversity
Local functional diversity (αFD) increased over the 54- year interval in 
parallel with increases we observed in local taxonomic diversity (αTD, 
Li & Waller, 2015). This increase in αFD, however, was independent 
of the change in αTD as we controlled for the effects of taxonomic 
diversity in our null models.
In contrast to our result, most other recent studies on functional diver-
sity report decreases in FD over time. For example, faunal FD deceased 
without fire in bee (Moretti et al., 2009), beetle (Moretti et al., 2010) and 
bird communities (Sitters, Di Stefano, Christie, Swan & York, 2016). FD 
also decreased under climate change in certain stream fish assemblages 
(Buisson, Grenouillet, Villéger, Canal & Laffaille, 2013). Work in plant 
communities, however, reveals less consistent changes in FD. For exam-
ple, both Paula Loiola et al. (2010) and Cavender- Bares and Reich (2012) 
found no clear directional effect of fire frequency on FD. Laughlin, Moore 
and Fulé (2010) found decreasing FD with increasing pine basal area (pos-
sibly caused by fire exclusion), suggesting a positive effect of fire on FD. 
Grazing and drought also appeared to reduce FD in grasslands (Carmona 
et al., 2012). Cantarel, Bloor and Soussana (2013) found FD responses to 
vary depending on the climate treatment and leaf traits studied.
Species that co- occurred within the same community are function-
ally more similar than expected at random within each time period 
(negative mean SESs of αFD in Table 2 and Figure 2). This suggests 
local convergence in functional traits leading to functional redun-
dancy. Functional redundancy may increase ecosystem stability over 
time (Biggs et al., 2012) despite compositional changes. A commu-
nity that supports several functionally equivalent species that each 
respond somewhat independently to various kinds of disturbance may 
be more likely to retain these functions following such disturbances 
and thus attain greater resilience (Walker, 1995). Without functional 
redundancy, the loss of species would lead to loss of unique traits 
and ultimately ecosystem functions (Hooper et al., 2005). Decreases 
F IGURE  2 Mean and 95% confidence intervals of standardized effect size (SES) values for alpha functional diversity (αFD1958, αFD2012 and 
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in functional redundancy could thus increase the vulnerability of 
ecosystems to disturbances. In our study sites, SES of αFD in 2012 
was higher than that in 1958, suggesting that communities in 2012 
have less functional redundancy (even though αFD has increased). 
Therefore, these communities may now be more vulnerable to future 
disturbances including climate change.
The fact that αFD within both time periods was lower than expected 
given the observed αTD in these communities also suggests that envi-
ronmental filters act to narrow the number of species and traits pres-
ent at each site. Environmental filtering is a dominant process that 
often underlies species occurrence and co- occurrence patterns (Peres- 
Neto, 2004). While competition could also reduce local functional 
diversity (Mayfield & Levine, 2010), we observed directional changes 
in community- weighted means congruent with the interpretation that 
increases in canopy cover and changing climatic conditions are driving 
most of these changes. Shade- tolerant, woody species increased with 
inferred time since fire, reflecting how increases in canopy cover act to 
filter species (Table S2). The increases in plant height and specific leaf 
area (SLA) also likely reflect responses to shade and shifts in climate 
(Table S2) as species invest more in carbon and light harvesting and less 
in conserving water now than fifty years ago. Species likely compete 
more directly now for these increasingly limited resources (suggested 
by the higher mean SES of αFD in 2012 than 1958).
Canopy cover and climate change interacted to affect changes in 
αFD, but not βFD or the CWMs, of these communities (Table 3). Without 
changes in climate, increasing canopy cover acted to increase αFD at our 
study sites. This may reflect the phenomenon that, in mid- successional 
communities like our study sites now, originally sun- adapted plant spe-
cies coexist with additional shade- adapted species that differ enough 
in functional traits to avoid competitive exclusion. Similarly, without 
changes in canopy cover, increasing temperature and precipitation in 
these communities acted to increase αFD, supporting the argument 
that benign climatic conditions support higher FD in plant communities 
(Spasojevic et al., 2014). However, when warmer, wetter climates com-
bine with increased shade from high canopy cover, local functional 
diversity tends to decline (Figure 3). Thus, future climate change may 
reduce αFD as canopy growth continues in these communities. It is true 
that canopy cover has the asymptote of 100 per cent cover, so it cannot 
increase forever. As these communities are in mid- succession with mesic 
understorey habitat, the chance of canopy- destroying fire is small (pers. 
observ.; Li & Waller, 2015) and their canopy cover will likely increase 
further. Even if canopy cover has reached the maximum value in these 
communities, sites with high canopy cover changes will still have lower 
αFD with predicted future climate change (Figure 3). Plant community 
FD in Europe is also predicted to decline under future changes in climate 
(Thuiller et al., 2006). If our sites continue to lose more shade- intolerant 
species, they will decline further in both TD and FD. Such trends are 
already well documented in the prairies and upland forests of south-
ern Wisconsin (Alstad et al., 2016; Leach & Givnish, 1996; Rogers et al., 
2008). Collectively, these results suggest that the increases in αFD we 
observed since 1958 may be temporary and soon reversed.
4.3 | Changes in among- site functional diversity
Among- site functional diversity (βFD) decreased more than expected 
given the observed level of species compositional turnover (Table 2, 
Figure 2). About 80% of site pairs experienced functional homogeniza-
tion since 1958. This decline in beta functional diversity (βFD) is also 
greater than the decline we found in beta taxonomic diversity (βTD) 
over the past 54 years (Li & Waller, 2015). Such high functional homog-
enization probably reflects, in part, environmental filtering processes 
like those discussed above. Villéger, Grenouillet and Brosse (2014) also 
found more functional homogenization than taxonomic homogeniza-
tion among fish assemblages in Europe. In contrast to these results, 
studies in northern and southern upland forests in Wisconsin have 
found little evidence for functional homogenization despite similar 
TABLE  3 Effects of climate and canopy cover on functional diversity (FD). The response variables are standardized effect sizes (SES) of FD. 
For analyses about Δ2012–1958, predictors are changes in environmental variables over time. Two- way interactions were excluded from final 
models if they were not significant. p- values <.05 were emboldened
1958 2012 2012–1958
Estimate t p Estimate t p Estimate t p
αFD
 Intercept −1.25 ± 0.35 −3.61 0.001 0.34 ± 0.42 0.80 0.428 −22.50 ± 8.52 −2.64 0.014
 Canopy −0.12 ± 0.10 −1.20 0.242 −0.30 ± 0.29 −1.04 0.308 10.96 ± 4.68 2.34 0.027
 Climate −0.52 ± 0.34 −1.53 0.138 −0.49 ± 0.32 −1.53 0.138 12.05 ± 4.47 2.70 0.012
 Canopy:climate – – – – – – −5.83 ± 2.45 −2.37 0.025
 R2 0.12 0.10 0.26
βFD
 Intercept −0.15 ± 0.13 −1.20 0.234 −0.33 ± 0.13 −2.45 0.017 −0.06 ± 0.13 −0.46 0.646
 Canopy_dist −0.02 ± 0.04 −0.50 0.619 0.16 ± 0.13 1.16 0.246 −0.01 ± 0.04 −0.15 0.884
 Climate_dist −0.30 ± 0.15 −2.06 0.040 −0.19 ± 0.13 −1.49 0.136 −0.30 ± 0.33 −0.90 0.367
 Marginal R2 0.007 0.006 0.002
 Conditional R2 0.60 0.79 0.62
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patterns of taxonomic homogenization (Sonnier, Johnson, Amatangelo, 
Rogers & Waller, 2014). This suggests that forest conditions in these 
upland forests have remained more stable than conditions in the pine 
barrens studied here which are undergoing rapid succession. Naaf and 
Wulf (2011) report functional differentiation occurring despite taxo-
nomic homogenization. Collectively, these studies suggest that βTD 
and βFD may often be uncoupled (Baiser & Lockwood, 2011), suggest-
ing that both processes should be studied in detail.
Spatial and temporal variation in environmental conditions may 
support higher species diversity by providing a range in environmen-
tal conditions wide enough to support multiple species with differing 
requirements (Faivre, Roche, Boer, McCaw & Grierson, 2011). A mosaic 
of burned and unburned patches would likely provide more opportuni-
ties for resource partitioning and support higher βFD than landscapes 
with uniform unburned habitats (Sitters et al., 2016). Although we lack 
direct information about the heterogeneity of burning, our canopy 
cover proxy suggests that these pine barrens communities have lost 
this heterogeneity. Similarly, higher variation in climatic conditions 
among communities could theoretically support more βFD. Pairwise 
distances in both canopy cover and climate declined (Fig. S1), how-
ever, perhaps accounting for some of the decline in βFD we observed.
5  | CONCLUSIONS
These pine barrens communities have increased in local functional 
diversity while converging in functional composition across sites. 
Increases in canopy cover and changes in climate have contributed to 
these trends, but also interact in a way that predicts these communities 
will soon decline in local functional diversity. This is an important result. 
First, shifts in fire regime and climate can interact to affect the functional 
composition of plant communities, which may occur independently 
of their effects on taxonomic composition. Second, plant and animal 
communities around the world face a diverse and accelerating set of 
simultaneous environmental changes. Antagonistic interactions like the 
one we document here may collectively threaten biological diversity to 
a greater degree than traditional analyses of single factors lead us to 
believe. Third, the interaction between climate change and local- scale 
canopy cover has strong implications for many applications of trait- 
based ecology such as predicting future responses of fire- maintained 
plant communities to environmental changes. This study highlights 
the importance of incorporating local properties of communities as we 
strive to improve predictions of how ecosystems will respond to climate 
change (Titeux, Henle, Mihoub & Brotons, 2016).
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F IGURE  3  Interaction between the 
changes in canopy cover and climate 
in affecting changes in local functional 
diversity (ΔαFD, measured as standardized 
effect sizes (SES) to factor out effects of 
changes in taxonomic diversity). The x- axis 
represents changes in climatic conditions 
(1st axis of PCA, higher value means 
higher temperature and precipitation). If 
temperature, precipitation and canopy 
cover keep increasing, future αFD is 
predicted to decrease (top- right corner); 
rugs on both axes are the observed 
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